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ABSTRACT
The detection of a prolonged flaring activity from blazar TXS 0506+056 in temporal and
spatial coincidence with the energetic neutrino IceCube-170922A provided evidence about
the photo-hadronic interactions in this source. However, analysis of the archival neutrino and
multi-wavelength data from the direction of this blazar between September 2014 and March
2015 revealed a “neutrino flare" without observing quasi-simultaneous activity in the gamma-
ray bands, posing challenges to established models. Electron-positron (e±) pairs generated
from the accretion disks have been amply proposed as a mechanism of bulk acceleration of
sub-relativistic and relativistic jets. These pairs annihilate inside the source producing a line
around the electron mass, which is blueshifted in the observed frame (on Earth) and redshifted
in the frame of the dissipation region of the jet. The redshifted photons in the dissipation re-
gion interact with accelerated protons, producing high-energy neutrinos that contribute sig-
nificantly to the diffuse neutrino flux in the ∼ 10 - 20 TeV energy range in connection with
gamma-rays from the photo-pion process which can be detected by future MeV orbiting satel-
lites. Based on this phenomenological model, we can explain the “neutrino flare" reported in
2014 - 1015.
Key words: Galaxies: active – Galaxies: individual (TXS0506+056) – Physical data and pro-
cesses: acceleration of particles — Physical data and processes: radiation mechanism: non-
thermal – Neutrinos
1 INTRODUCTION
The discovery of a diffuse neutrino flux in the energy range from
TeV to PeV by the IceCube telescope has opened a new window
in astrophysics at very high energies (VHEs; IceCube Collab-
oration 2013; Aartsen et al. 2014; The IceCube Collaboration
et al. 2015; Kopper & IceCube Collaboration 2017). Because of
distinct configurations and strengths of magnetic fields among
sources and Earth, cosmic rays (CRs) themselves cannot supply
accurate information where these were accelerated (e.g., Pierre
Auger Collaboration & et al. 2007). A similar situation due to
extragalactic background light (EBL) occurs when TeV photons
are emitted from sources at high redshifts (e.g. Franceschini et al.
2008). Whereas magnetic fields deviate CRs, and EBL absorbs
TeV photons, high-energy neutrinos can largely travel and reach
Earth giving reliable spatial information about sources.
The IceCube collaboration reported on September 22, 2017, at
20:54:30.43 UTC, the detection of a neutrino-induced muon-track
event called IceCube-170922A, which had an energy of ∼ 290
TeV (IceCube Collaboration et al. 2018b). The reconstructed
direction of this event from statistical and systematic effects was
R.A.=77◦.43+0.95−0.65 and Dec=+5
◦.72+0.50−0.30 (J2000.0) which was
? E-mail: nifraija@astro.unam.mx
consistent with the location of blazar TXS 0506+056 when it ex-
hibited very high activity in gamma-rays, X-rays, optical and radio
bands. Shortly after the detection, IceCube analyzed the archival
muon-neutrino data collected over 9.5 years in the direction of
this blazar. This collaboration reported an excess of high-energy
neutrinos over the atmospheric background between September
2014 and March 2015 (IceCube Collaboration et al. 2018a). This
excess was associated with a large number of neutrinos (13 ± 5)
called “neutrino flare", which had energies in the range of ∼ 10 - 20
TeV (Rodrigues et al. 2019). Surprisingly, this “neutrino flare" was
detected without significant activity in the electromagnetic bands.
This blazar was associated with a redshift of z = 0.3365 ± 0.0010
(Paiano et al. 2018), after the identification of three weak emission
lines ([O II] 327.7 mm, [0 III] 500.7 mm and [NII] 658.3 mm).
Several interpretations about the IceCube-170922A event and the
“neutrino flare" with and without quasi-simultaneous gamma-ray
activity have been suggested. Taking into account the Fermi data,
Padovani et al. (2018) claimed that during the period associated
with the “neutrino flare", the broadband spectral energy distri-
bution (SED) of this blazar could have been hardened above 2
GeV. However, Fermi-LAT collaboration et al. (2019) argued that
this atypical behavior might not be relevant. Murase et al. (2018)
studied the IceCube-170922A event and the “neutrino flare" from
TXS 0506+056 and concluded that a two-zone synchrotron-self
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Compton (SSC) model could naturally explain both detections in
the framework of the photomeson or the hadronuclear processes.
Reimer et al. (2019) reconstructed the minimum target photon
spectrum to explain the “neutrino flare", and the electromagnetic
emission of the secondary particles. They concluded that the same
process could not have originated neutrinos and gamma-rays. Gao
et al. (2019) demonstrated that the IceCube-170922A event could
be explained with a moderate increase in the CRs during the flaring
activity. Rodrigues et al. (2019) investigated whether the models
adopted to describe the flaring activity in 2017 could be used to
interpret the “neutrino flare" detected in 2014-2015. They did not
find any model that could describe simultaneously the “neutrino
flare" and the features of the flaring activity detected in 2017.
It has been ample proposed that blazar jets have a large amount
of electron-positron (e±) pairs generated from the accretion disks,
which serve as a mechanism of bulk acceleration (Phinney 1982;
Wardle et al. 1998; Blandford & Levinson 1995). In particular
cases, Beloborodov (1999) and Iwamoto & Takahara (2002, 2004)
studied pair plasmas ejected with sub-relativistic and relativistic
velocities, respectively. Beloborodov (1999) investigated the e±
pairs created in gamma-gamma interactions outside the accretion
disks. The author found that the pair plasma was ejected with
mildly relativistic velocities, and the expected annihilation line
produced by the pairs inside the source and observed on Earth
was blueshifted and broadowing. Iwamoto & Takahara (2002,
2004) considered a pair plasma from a Wein equilibrium state at
relativistic temperatures. They found that the pair plasma inside
the outflow could be relativistically accelerated, and the emission
from the photosphere could be detected as MeV-peaked flux. Later,
Fraija (2015) computed the hadronic interaction between radiation
coming from this plasma and protons accelerated in the dissipation
region to explain orphan flares reported in some blazars (Daniel
et al. 2005; Acciari & et al. 2011).
In this paper, we present a phenomenological model in which
photons produced by the pair annihilations at the base of the
outflow reach the jet’s dissipation region and interact with acceler-
ated protons. We show that this model can explain a large diffuse
neutrino flux in the 10 - 20 TeV energy range and the “neutrino
flare" reported in 2014 - 2015. We consider the pair plasma with
the features described in Beloborodov (1999) and Iwamoto &
Takahara (2002, 2004). We arrange the paper as follows. In Section
2, we introduce the one-zone lepto-hadronic scenario. In Section
3, we compute the neutrino production from a sub-relativistic
plasma scenario and a relativistic plasma in a Wein equilibrium
state introduced by Beloborodov (1999) and Iwamoto & Takahara
(2002, 2004), respectively. Further, we show the connection
between MeV gamma-ray photons and the diffuse neutrino flux. In
Section 4, we apply our model, as a particular case, to interpret the
“neutrino flare" reported in the source TXS 0506+056, and finally,
in Section 5, we present the discussion and summary. We will use
throughout the paper natural units c = ~ = 1 and Qx = Q/10x
in c.g.s.. We consider the Hubble and the cosmological constants
given by H0 = 69.6 km s−1 Mpc−1, ΩΛ = 0.714 and Ωm = 0.286,
respectively (Planck Collaboration et al. 2016). We use prime
quantities in the rest frame of the black hole, and unprimed
quantities in the observer frame and the comoving frame of the
dissipation radius and the plasma. For instance, E ′ is the energy
in the black hole rest frame, E is the energy in the observer frame
(on Earth),  is the energy in the comoving frame of the dissipa-
tion radius and ε is the energy in the comoving frame of the plasma.
2 ONE-ZONE LEPTO-HADRONIC SCENARIO
The most extensively accepted scenarios to interpret the broad-
band SED of blazars are: i) the one-zone SSC model in the lep-
tonic scenario (e.g. Finke et al. 2008; Abdo et al. 2011; Fraija &
Marinelli 2016), and ii) the one-zone proton synchrotron (Mücke
& Protheroe 2001; Mücke et al. 2003) and photo-hadronic inter-
actions (e.g. Atoyan & Dermer 2003, 2001; Böttcher et al. 2013;
Fraija 2014a; Fraija & Marinelli 2015, 2016) in the hadronic sce-
nario. Irrespective of the scenario, we estimate the total kinetic lu-
minosity of the jet through
Ljet =
∑
i=e,p,B
Li ,
where Le, LB and Lp are the luminosities due to electrons,
magnetic field and protons, respectively, which depending on
the source the luminosity associated to each set of particles or
magnetic field could contribute more than another.
2.1 Leptonic scenario
We use a homogeneous one-zone model considering an electron
population described with double-break power laws (Abdo et al.
2011)
dne
dγe
= N0,e

γ−α1e γe,min ≤ γe ≤ γc1
γ−α2e γα2−α1c1 γc1 < γe ≤ γc2
γ−α3e γα2−α1c1 γ
α3−α2
c2 γc2 < γe ≤ γe,max
(1)
with N0,e the number density of electrons, α1, α2 and α3
the spectral indexes, and γe,min, γc1, γc2 and γe,max the electron
Lorentz factors for minimum, breaks (1 and 2) and maximum, re-
spectively. This electron population is injected within the spherical
dissipation “blob" region of the jet (rb) which moves with a con-
stant ultra-relativistic speed βb =
√
1 − 1/Γ2
b
in a collimated jet.
The term Γb corresponds to the bulk Lorentz factor of the dissipa-
tion region.
The kinetic power ratio between the magnetic field and ultra-
relativistic electrons can be estimated through the equipartition pa-
rameter λB,e = LB/Le, where the luminosities carried by the mag-
netic field and electrons are (e.g., see Böttcher et al. 2013; Fraija
2014b; Fraija et al. 2019a)
LB ' 18 r
2
bΓ
2
b B
2 , (2)
and
Le ' pir2bΓ2bme
∫ γe,max
γe,min
γe
dne
dγe
dγe , (3)
respectively, with me the electron mass.
The electron population confined by the magnetic field (B) in the
dissipation region begins to radiate photons by the synchrotron pro-
cess and scatter them via inverse Compton scattering. Fraija &
Marinelli (2016) and Fraija et al. (2017b) explicitly illustrated and
discussed the electron Lorentz factors, the timescales, and the syn-
chrotron and inverse Compton scattering spectra with their spectral
breaks.
2.2 Hadronic scenario
Protons are co-accelerated with electrons and confined, in turn, in
the magnetic field’s dissipation region. For this scenario, it is es-
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sential to define the proton luminosity as
Lp ' pir2bΓ2bmp
∫ ∞
1
γp
dnp
dγp
dγp , (4)
where mp is the proton mass and γp,max is the maximum
Lorentz factor for protons. Protons are mainly cooled down by
photo-hadronic interactions which encompass two mechanisms:
photo-pion production and Bethe-Heitler (BH) pair production.
2.2.1 Photo-pion production
The proton energy loss rate due to photopion production is given
by p + γ → pi0 + p or pi± + n(∆++). Then, neutral pions decay
into two photons (pi0 → γ + γ) and charge pions decay into neutri-
nos and anti-neutrinos pi+(pi−) → µ+(µ−) + νµ(ν¯µ) and µ+(µ−) →
e+(e−) + νe(ν¯e) + ν¯µ(νµ). The efficiency of the photo-pion pro-
duction calculated through dynamical (td ' rbΓb ) and photo-pion
(tppi ) timescales in the comoving frame is given by (Stecker 1968;
Waxman & Bahcall 1997)
fppi ' tdtppi =
rb
2Γbγ2p
∫ ∞
¯th
d¯σppi (¯)κp(¯)¯
∫ ∞
¯/2γp
dγ
n(γ)
2γ
, (5)
where σppi ' σpk ξpγ ∆pkpk with σpk ≈ 5 × 10−28 cm2 is the
photo-pion cross section, ∆pk=0.2 GeV, pk ' 0.3 GeV, ξpγ ' 0.2
and n(γ) is the photon spectrum. We consider a mono-energetic
photon distribution
n(γ) =
uγ
γ
δ( − γ) , (6)
and the energy density of target photons given by
uγ ≈
Lγ,ph
4pi Γ2
b
r2
b
, (7)
with Lγ,ph the luminosity of the seed photons. The efficiency of the
photo-pion production can be written as
fppi ≈ 2
uγ
γ
σpk rb pk
1 −
(
E ′thp
E ′p
)2 , (8)
where E ′thp corresponds to the threshold of the proton energy.
2.2.2 Bethe-Heitle pair production
The proton energy loss rate due to BH pair production is given by
p + γ → p + e+ + e−. The efficiency of the BH pair production
calculated through the dynamical and BH (tpe) timescales is given
by (Petropoulou & Mastichiadis 2015)
fpe ' tdtpe =
3
8piγp
σTαf
me
mp
∫ ∞
2
dκ n
(
κ
2γp
)
φ(κ)
κ2
, (9)
where αf is the fine structure constant, κ = 2γpγ/me, σT =
6.65×10−25 cm2 is the Thompson cross section, and φ(κ) is a func-
tion defined in Chodorowski et al. (1992). Considering the mono-
energetic photon distribution given by eq. (6), the efficiency of the
BH pair production can be written as
fpe ≈ 34pi σTαf
me
mp
uγ
γ
φ (κ)
κ2
rb . (10)
2.2.3 Secondary pair productions
Synchrotron emission is expected from secondary pairs created in
photo-pion and BH pair production. The characteristic photon en-
ergy radiated by synchrotron is γ =
qe
2pim3e
B2e,i , where qe is the
elementary charge and e,i is the energy of the secondary pairs with
i = ppi and pe for photo-pion and BH pair production, respectively.
2.2.3.1 The secondary pairs from photo-pion process. The
electron energy generated by the photo-pion production is
e,ppi ' 14 κp
th
p . (11)
The synchrotron spectrum estimated through the proton spectrum
and the efficiency of the photo-pion production can be written as
(Petropoulou & Mastichiadis 2015)
LE′syn,ppi =
1
8
fppi LE′p , (12)
with fppi given by eq. (8).
2.2.3.2 The secondary pairs from BH process. The electron
energy generated by the HE pair production is (Kelner & Aharonian
2008)
e,pe =
γp
1 + 4γpγ/mp
(√
γpγ +
√
γpγ − me
)2
. (13)
The synchrotron spectrum estimated through the proton spectrum
and the efficiency of the photo-pion production can be written as
(Petropoulou & Mastichiadis 2015)
LE′syn,pe = fpe LE′p , (14)
with fpe given by eq. (10).
3 NEUTRINO PRODUCTION
In the scenario of the photo-pion and BH processes, the pi± de-
cay products generate neutrinos and anti-neutrinos. We calculate
the efficiencies of the photo-pion and BH processes from eqs. (8)
and (10), respectively. By comparing the acceleration, the cooling,
and the dynamical timescales, we can estimate the maximum en-
ergy that protons can reach in the dissipation region. The accel-
eration timescale for protons with energy p is characterized by
tacc = ηLp/qeB where ηL is order of unity (e.g. Fraija et al. 2012,
2019b).
The maximum of the neutrino spectrum calculated through the
photo-pion production can be obtained through the proton spec-
trum given by (Murase et al. 2014)
E ′νLE′ν '
3
8
fppiE ′pLE′p , (15)
where fppi is the corresponding efficiency. The characteristic en-
ergy can be roughly estimated as
E ′ν,b ≈ 51.3 GeV ΓbΓrel
( γ
511 keV
)−1
, (16)
where γ is the energy of the seed photons corresponding to the
pair annihilations given in the sub-relativistic and relativistic pair
plasma scenarios (see the following subsections), and Γrel is the
relative Lorentz factor between the pair plasma where the photons
emerge and the dissipation region (see eq. 20).
MNRAS 000, 1–8 (2015)
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3.1 A sub-relativistic pair plasma scenario
In the optically thin outflow, pairs get away without annihilation,
and the corresponding luminosity in the electron-positron rest mass
is estimated through the number of high-energy photons interacting
above the disk. In the optically think case, pairs annihilate before
they can escape from the source ( tantesc ' 1n±σT r < 1), with n±
the density of the pairs. These pairs are in Compton equilibrium
with radiation at a temperature of ∼ 10 keV. The plasma at the base
of the outflow has a bulk velocity near the equilibrium βp ∼ 0.3
incrementing to βp ∼ 0.7 at the photosphere (Beloborodov 1999).
The escaping photons can be detected by a distant observer as an
annihilation line of width equivalent ∼ 10 keV.
The observed luminosity in photons with energy (in the observer
frame)
Eγ ≈ 11 + z
me
Γp(1 − βp cos θ) (17)
corresponds to a photon density n ' Lγ,ph
pir2 me
. The term θ is an
arbitrary angle with respect to the line between the source and
observer and Γp = 1/
√
1 − β2p is the bulk Lorentz factor of the pair
plasma. The optical depth for interacting photons is τγγ ' nσγγ r ,
where σγγ is the average cross section for photon interactions.
In the transition zone from the optically thick to thin e± en-
velope, pairs are n± ∼ (σT rph)−1 with rph the photosphere
radius. The escaping pairs can be estimated as F± ∼ 1σT rph and
the corresponding emerging pair luminosity as L± = 2pi r2ph F±.
Numerical calculations of the density profile of the pair outflow
generated above a disk with different parameters for an optically
thick and thin outflow are given in Beloborodov (1999).
3.2 A relativistic plasma in Wein equilibrium state
In this scenario, the jet’s base connects the black hole with the Wein
fireball. At the initial state, e± pairs in quasi-thermal equilibrium
inside the initial scale ro = 2rg = 4GM form the Wein fireball,
being M the black hole mass, rg the gravitational radius and G the
gravitational constant. In the first state, photons inside the Wein
fireball are at relativistic temperature defined through microscopic
processes. The internal energy transforms into kinetic energy, and
the Wein fireball expands by its radiation pressure. As a result of
this expansion, the temperature decreases, and the bulk Lorentz fac-
tor increases in the first state. The initial optical depth is (Iwamoto
& Takahara 2002, 2004)
τo ' ne,o σT ro
Γo
, (18)
where Γo = 1/
√
1 − β2o is the initial Lorentz factor of the plasma
and ne,o is the initial electron density which is given by
ne,o =
1
4σTGM
1
Γ2o βo 〈γe,o〉
(
mp
me
) (
rg
ro
)2 ( Lj
LEdd
)
, (19)
where Lj is the total luminosity of the jet, LEdd = 2pimprg/σT is
the Eddington luminosity, 〈γe,o〉 = K3(1/θo)/K2(1/θo) − θo is the
average Lorentz factor of electron thermal velocity, θo = To/me
is the initial temperature normalized to electron mass and Ki is
the modified Bessel function of integral order. By considering the
conservation equations of energy and momentum for a steady and
spherical flow (Iwamoto & Takahara 2004, 2002), during the ex-
pansion of the Wein fireball the number density of photons and
pairs evolve as nγ+2ne = 3ne,0
( r0
r
)3, the temperature as θ = θ0 r0r ,
the bulk Lorentz factor as Γp = 1/
√
1 − β2p = Γ0 rr0 and the opti-
cal thickness as τ ≡ τ0
(
r
r0
)−3
. Finally, the quasi-thermal radia-
tion scape at the photosphere (defined at τ = 1), for a radius of
rph ' τ
1
3
0 r0. The numerical results of the relevant quantities at the
photosphere such as the radius, the temperature and the velocity
are 2.7 . rphrg . 9.9, 0.2 . θph . 1.5, 1.3 . (Γpβp)ph . 5.8 and
0.1 . LjLEdd . 25, respectively (Iwamoto & Takahara 2004).
3.3 Interactions between photons from the pair plasma and
protons within the dissipation region
Figure 1 shows a schematic representation of the photo-hadronic
interactions between the radiation generated inside the pair plasma
and the accelerated proton in the dissipation region. We consider
as seed photons those from the annihilation line released from the
photosphere. As follows, we describe the dynamics, and Lorentz
factors evolved in each frame.
Emerging photons generated in the pair plasma and released from
the photosphere will have energies given by eq. (17). These are ob-
served on Earth as an annihilation blueshifted line with an equiva-
lent width of some keV (Beloborodov 1999; Iwamoto & Takahara
2002; Siegert et al. 2016). Emerging photons from the plasma are
redshifted in the frame of the dissipation region, which moves with
a Lorentz factor Γb . The relative Lorentz factor between the pair
plasma and the dissipation region is
Γrel = ΓbΓp(1 − βbβp) . (20)
In simple terms, the annihilation line is redshifted in the frame of
the dissipation radius. For instance, considering a typical value of
Lorentz factor for blazars Γb = 10 (Murase et al. 2014) and a sub-
relativistic velocity with βp = 0.3 (Beloborodov 1999), the relative
bulk Lorentz factor becomes Γrel ' 7.5. Therefore, in the jet’s co-
moving frame, the annihilation line has an energy of dozens of keV
corresponding to
γ ≈ 25.1 keV Γ−1rel,1
( εγ
511 keV
)
. (21)
Photons from the photosphere reach the dissipation region and in-
teract with the accelerating protons producing neutrinos. The char-
acteristic energy can be roughly estimated as
E ′ν,b ≈ 5.1 TeV Γb,1Γrel,1
( γ
511 keV
)−1
. (22)
If we consider a relativistic plasma with velocity βp = 0.98, then
the Lorentz factor becomes Γrel ' 1.2. In this case, the annihilation
line would have an energy of γ ≈ 0.3 MeV and the characteristic
neutrino energy becomes E ′
ν,b ≈ 0.6 TeV.
3.4 Connection between MeV gamma-ray photons and
diffuse neutrino flux
The neutrino and the gamma-ray spectra from extragalactic BL Lac
objects can be estimated through the expression
φ(Ex) = 14pi H0
∫ zmax dz
(1 + z)2
√
Ωm(1 + z)3 +ΩΛ
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×
∫
dLγ ρ(z, Lγ)
LE′x
E ′x
, (23)
where ρ(z, Lγ) is the gamma-ray luminosity function of BL Lac
objects (per comoving volume in the range of [log Lγ, log Lγ +
dlog Lγ] at a redshift z < zmax) and E ′x is the energy of neutri-
nos (x = ν) and synchrotron due to secondary pairs (x = e±). We
consider the gamma-ray luminosity function reported in Zeng et al.
(2014).
In order to compute the individual contribution of each BL Lac, we
assume a proton distribution described by
dnp
dγp
= Apγ
−αp
p , (24)
with αp ≈ 2 the spectral proton index and Ap the normal-
ization constant. This normalization is estimated assuming that the
proton luminosity corresponds to a fraction ηp of the Eddington
luminosity (i.e. Lp = ηpLedd ).
The neutrino and gamma-ray synchrotron fluxes from a sin-
gle source are calculated following the hadronic model described
in section 2. We consider the seed photons as those created inside
a sub-relativistic pair plasma scenario and a relativistic plasma in
the Wein equilibrium state. In both scenarios, we describe the seed
photons with the monoenergetic distribution function given in eq.
(6). Further, we assume that the gamma-ray luminosities radiated
from the photosphere and the dissipation region are similar. The
parameter values used in Figure 2 are reported in Table 1.
Figure 2 shows the neutrino and gamma-ray synchrotron spectra
from extragalactic BL Lac objects with redshifts z < 2. We show
the neutrino and gamma-ray spectra from a sub-relativistic pair
plasma scenario and a relativistic plasma in Wein equilibrium state.
The neutrino flux from the sub-relativistic pair plasma scenario
is larger than the relativistic plasma and significantly contributes
to the 1 - 30 TeV energy range. The gamma-ray synchrotron flux
at a few MeV could be observed in eASTROGAM from the sub-
relativistic pair plasma scenario but not from the relativistic plasma.
The gamma-ray fluxes from the secondaries pairs in both scenarios
could be observed in the AMEGO experiment.
4 PARTICULAR CASE: TXS 0506+056
4.1 Multiwavelength and neutrino data
We retrieve the Fermi-LAT (Large Area Telescope) data using
the Fermi public database.1 We report the Fermi-LAT gamma-ray
fluxes between the energy range 0.1 - 300 GeV. The Swift-BAT
(Burst Area Telescope), XRT (X-ray Telescope) and UVOT (Ultra
Violet/Optical Telescope) data used in this work are publicly avail-
able.2 The Owens Valley Radio Observatory (OVRO; Richards
et al. 2011) data are publicly available.3 All-Sky Automated Sur-
vey for Supernovae (ASAS-SN) optical data used in this work are
publicly available.4 Archival data used in this work are publicly
available.
Neutrino data collected with the IceCube collaboration, VHE data
collected with HESS (High Energy Stereoscopic System), Major
1 http://fermi.gsfc.nasa.gov/ssc/data
2 http://swift.gsfc.nasa.gov/cgi-bin/sdc/ql?
3 http://www.astro.caltech.edu/ovroblazars/
4 https://asas-sn.osu.edu/variables
Atmospheric Gamma Imaging Cherenkov (MAGIC), Very Ener-
getic Radiation Imaging Telescope Array System (VERITAS) and
HAWC (High-Altitude Water Cherenkov) observatory, gamma-ray
data collected with the AGILE satellite, X-ray data collected with
Nuclear Spectroscopic Telescope Array (NuSTAR) and INTErna-
tional Gamma-Ray Astrophysics Laboratory (INTEGRAL), optical
data with Kiso (G-band), Kanata (R-band) and SARA (UA) ground
Telescopes and radio data collected with Very Large Area (VLA; 11
GHz) are taken from IceCube Collaboration et al. (2018a).
4.2 Electromagnetic flaring activity in 2017
On September 22, 2017, the IceCube-170922A event triggered the
IceCube experiment (IceCube Collaboration et al. 2018a). One
week later, the Fermi-LAT collaboration announced high spa-
tial coincidence activity with the blazar TXS 0506+056 and the
IceCube-170922A event. Immediately after that, this source was
followed up by a multiwavelength campaign covering a wide range
of the electromagnetic spectrum. For instance, the MAGIC tele-
scopes monitored this source and detected VHE gamma-ray emis-
sion. IceCube Collaboration et al. (2018a) concluded that the blazar
jet might accelerate CRs up to energies of several PeV.
Figure 3 shows the multiwavelength (from radio to VHE gamma-
ray) light curves of blazar TXS 0506+056 collected from 2008
August 22 to 2017 December 12. The red dashed line shows the
IceCube-170922A event. We show a blow-up of the flaring activity
exhibited during the IceCube-170922A event in the gamma-ray, X-
ray, optical, and radio bands. Figure 4 shows the broadband SED
of the blazar TXS 0506+056 with different curves corresponding
to distinct models and contributions. We show the multiwavelength
data collected during the flaring activity in salmon color, and the
observed flux associated with the IceCube-170922A event for 7.5
(uncertainty in solid line) and 0.5 (uncertainty in dashed line) years
in black points. The triple-dotted-dashed black line corresponds to
the best-fit curve proposed by Gao et al. (2019). They considered
CRs in the jet of TXS 0506+056 and demonstrated that a moderate
increase in the CRs during the flaring activity could yield a pow-
erful increase of the neutrino flux with a range of blazar param-
eters. Several theoretical models have been proposed to interpret
the IceCube-170922A event (e.g. see Padovani et al. 2018; Murase
et al. 2018; Gao et al. 2019; Reimer et al. 2019; Fermi-LAT collab-
oration et al. 2019; Righi et al. 2019; Britzen et al. 2019; Keivani
et al. 2018; Zhang et al. 2020).
4.3 Neutrino flare during 2014-2015
The IceCube collaboration reported an excess of high-energy neu-
trinos concerning the atmospheric background between September
2014 and March 2015. This excess called “neutrino flare" was
associated with a large number of neutrinos (13 ± 5) with energies
in the range of ∼ 10 - 20 TeV (IceCube Collaboration et al. 2018a;
Padovani et al. 2018). The shadow region in Figure 3 corresponds
to the fraction of the multiwavelength light curves associated with
the timescale during which the “neutrino flare" was observed.
Data points in gray color exhibited in Figure 4 correspond to the
archival data. These data show an intense flux in the soft X-rays
at ∼ 1 - 2 keV, which was not collected during the observation of
the “neutrino flare" (see Figure 3). Contrary to the flare observed
in 2017, the gamma-ray, optical and radio fluxes were not detected
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in high activity during this period, suggesting different origins.
In order to describe the best-fit curve (solid black line) that
describes the broadband SED in TXS 0506+056 (the archival data
points), we use the SSC model presented in Fraija & Marinelli
(2016); Fraija et al. (2017b). We use the Chi-square χ2 minimiza-
tion method implemented in the ROOT software package (Brun
& Rademakers 1997) and the procedure to obtain the values of
the bulk Lorentz factor of the jet, the size of dissipation region,
the electron density, the strength of the magnetic field and the
spectral indexes (Fraija & Marinelli 2016). We report in Table 2 the
fitting and derived parameters. For instance, the values of fitting
parameters of the bulk Lorentz factor, the size of dissipation region
and the strength of the magnetic field are in the range considered
for other models (e.g., see Murase et al. 2018; Rodrigues et al.
2019; Reimer et al. 2019).
The value of the minimum electron Lorentz factor
(γe,min = 8 × 102) used in our model to fit the broadband
SED indicates that the electron population is efficiently accelerated
above the corresponding energy. Below this one, a distinct process
that generates a hard electron spectrum accelerates these electrons.
The value of the electron luminosity derived is ≈ 2 times smaller
than the Eddington luminosity LEdd = 3.8 × 1046 erg s−1 which is
estimated considering a black hole mass of 3 × 108 M (Padovani
et al. 2019). Using the value of the BH mass, the gravitational
radius is rg = 8.9 × 1013 cm, which is two orders of magnitude
smaller than the dissipation radius. Given the best-fit values of
the bulk Lorentz factor and the dissipation radius, the variability
timescale becomes tν = 0.9 ± 0.1 days. The value of the magnetic
and electron luminosity ratio λB,e ≈ 0.03 suggests that a principle
of equipartition is not present in the jet of TXS 0506+056. We
find that the best-fit value of the second break of the electron
distribution (γe,c2) is due to synchrotron cooling, and the first
break (γe,c1) due to the acceleration process. Therefore, this model
requires that the electron distribution below the second break be
accelerated less efficiently.
Based on the IceCube-170922A event (IceCube Collaboration
et al. 2018a) and the theoretical models used to interpret it (e.g. see
Padovani et al. 2018; Murase et al. 2018; Gao et al. 2019; Reimer
et al. 2019), we also assume the existence of protons inside the
dissipation region of jet. Given the value derived of the maximum
electron Lorentz factor, it is possible to estimate the maximum
Lorentz factor for protons γp,max =
mp
me
γe,max = 2.13 × 1011.
Although the Hillas condition is too optimistic, the maxi-
mum energy that CRs could reach in the dissipation radius is
Ep,max = eZ rd B Γ ≈ 3.46 × 1019 eV for Z=1 (Hillas 1984).
Taking into account the best-fit value of the bulk Lorentz factor
Γb = 20 and the numerical results about the velocity range of
the e± outflow 0.3 . βp . 0.7 (Beloborodov 1999), from
eqs. (20) and (21), the relative Lorentz factor and the energy
of the annihilation line lie in the range of 9 . Γrel . 22 and
15 . γ . 25 keV, respectively. Protons interacting with these
seed photons produce neutrinos with the characteristic energy in
the range of 10 . Eν,b . 20 TeV which corresponds to the range
of events observed in the IceCube neutrino telescope. The double-
dotted-dashed green line and the dashed brown line correspond to
the neutrino spectra estimated from the sub-relativistic pair plasma
and the relativistic plasma in the Wein equilibrium state. We can
observe that the neutrino spectrum from the sub-relativistic pair
plasma peaks at ∼ 3 × 10−11 erg cm−2 s−1 and lies in the range
(the shadow region in blue) reported by IceCube Collaboration
(IceCube Collaboration et al. 2018a). The solid curve in yellow
exhibited in Figure 4 corresponds to the seed-photon flux emitted
from the pair plasma. In addition to the 10 - 20 TeV neutrinos,
VHE photons in the range of ∼ 20 - 40 TeV and secondary pairs
from photo-pion and BH processes are created. The respective
efficiencies of the photo-pion and BH processes are fppi ≈ 1
and fpe ≈ 0.06, respectively. The synchrotron energy break
and the maximum flux of secondary pairs are ≈ 0.1 MeV and
≈ 9 × 10−12 erg cm−2 s−1 for photo-pion process, and ≈ 0.6 keV
and ≈ 5× 10−15 erg cm−2 s−1 for BH process, respectively. We can
observe that the maximum flux generated by secondary pairs in the
photo-pion process is ∼ three orders of magnitude larger than the
BH process. We show in Figure 4 the contribution of synchrotron
emission from the photo-pion process (dotted-dashed line). The
solid black line in this Figure represents the total contribution
(SSC model, seed photons, and the synchrotron radiation from sec-
ondary pairs). Given the distance from the blazar TXS 0506+056
to Earth, photons above 20 TeV are drastically suppressed due to
EBL absorption. Taking into account the effect of this absorption
described in Franceschini et al. (2008), the attenuation factor
exp{−τ(Eγ, z)} to the photon flux lies in the range of ∼ 70 - 260.
With the parameters reported in Table 2, the proton luminosity
associated to the “neutrino flare" is ≈ 3.5 × 1046 erg s−1 which
is slightly lower than the Eddington luminosity. Therefore, from
eq. (4), the proton density associated to this flare becomes
211 cm−3. This value is very similar to the electron density found
with our model after fitting the archival data. We can conclude that
within the dissipation region of the jet there is one cold proton per
electron (i.e., it has neutral charge Abdo et al. 2011; Böttcher et al.
2013; Fraija et al. 2017a).
We conclude that during September 2014 and March 2015,
pairs were continuously created outside the disk forming a sub-
relativistic outflow with velocities in the range of 0.3 . βp . 0.7
as predicted in numerical simulations (Beloborodov 1999). During
this period, the annihilation lines reached the dissipation region
and interacted with the accelerating protons, producing the 10 - 20
TeV neutrinos detected in the IceCube telescope.
The expected MeV gamma-ray contributions from synchrotron
BH pair production and annihilation lines directly impact the
broadband SEDs. Nearby blazars including TXS 0506+056
would be potential candidates for MeV gamma-ray orbiting
observatories such as All-sky Energy Gamma-ray observatory
(AMEGO; McEnery et al. 2019) and enhanced ASTROGAM
(e-ASTROGAM; de Angelis et al. 2018) which will explore
the sky in the energy bands of 0.3 - 100 MeV and 0.3 - 3 GeV,
respectively.
Our results indicate that for a typical Lorentz factor of ∼ 20, the
maximum energy of the characteristic neutrino is ∼ 20 TeV. For
sources with a redshift of z = 0.5 and a typical Lorentz factor
Γb < 30, we expect the characteristic neutrino energy in the
range of 30 - 40 TeV. Therefore, neutrino events with energies
Eν . 40 TeV reported by the IceCube Collaboration (IceCube
Collaboration et al. 2017; Aartsen et al. 2014) might be explained
through this phenomenological model.
Neutrino multiplet as detected on February 17, 2016, by the Ice-
Cube (Icecube Collaboration et al. 2017) could be expected from
this process and would be promising sources for IceCube-Gen2
(IceCube-Gen2 Collaboration et al. 2014).
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5 DISCUSSION AND SUMMARY
We studied the high-energy neutrino production in the inner
outflows of blazars. As seed photons, we considered the radiation
from a sub-relativistic pair plasma scenario and a relativistic
plasma in Wein equilibrium state. This radiation emitted from the
photosphere can be detected above > 511 keV up to a few MeV
on Earth (observer frame), and only at dozens of keV in the frame
of the dissipation region. These keV photons reach the dissipation
region and interact with accelerating protons producing pion decay
products (γ, νµ,e and e±). Depending on the parameter values of
the dissipation region and the sub-relativistic and the relativistic
pair plasma scenario, gamma-rays, neutrinos and synchrotron pho-
tons generated by secondary pairs could be detected by orbiting
and ground telescopes on Earth.
We want to emphasize that Murase et al. (2014) calculated the
neutrino production considering seed photons originated in the
blazar zone, the gas clouds, and the accretion disk. The main
novelty of this work is to consider the seed photons as those
generated by the annihilation pairs released from the photosphere
in different pair plasma scenarios.
We calculated the neutrino and gamma-ray spectra from extra-
galactic BL Lac objects with redshifts z < 2. We showed that
the neutrino flux from the sub-relativistic pair plasma scenario
has a significant contribution in the 1 - 30 TeV energy range, and
also that synchrotron photons produced by the secondary pairs
could be observed in MeV gamma-ray orbiting satellites such as
eASTROGAM and AMEGO.
As a particular case, we applied our model to describe the
broadband SED of the blazar TXS 0506+056 successfully during
the quiescent state. We estimated the neutrino spectrum from
the sub-relativistic pair plasma. In this case, VHE neutrinos
in the 10 - 20 TeV energy range can be detected without its
electromagnetic counterpart, as observed during the “neutrino
flare" reported between September 2014 and March 2015 by the
IceCube collaboration. Based on previous models (i.e. Gao et al.
2019), we concluded that the “neutrino flare" reported in 2014 -
2015 had a different origin to the flare in 2017 detected in all the
electromagnetic bands.
Neutrino multiplet as detected on February 17, 2016, by the Ice-
Cube (Icecube Collaboration et al. 2017) could be expected from
this process and would be promising sources for IceCube-Gen2
(IceCube-Gen2 Collaboration et al. 2014). For sources with a
redshift of z = 0.5 and typical Lorentz factors Γb < 30, we
expect the characteristic neutrino energies in the range of 30 -
40 TeV. Therefore, neutrino events with energies Eν . 40 TeV
reported by the IceCube collaboration (IceCube Collaboration
et al. 2017; Aartsen et al. 2014) might be explained through this
phenomenological model.
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Table 1. Values used to compute the Neutrino Flux and the synchrotron
emission from secondary pairs
Parameter Value
Blob region
Bulk Lorentz factor Γb 10
Variability (day) t 1
Proton luminosity (Ledd) Lp 0.5
Magnetic field (G) B (G) 1
Maximum proton energy (PeV) Emax 1
Spectral index αp 2.1
A sub-relativistic pair plasma scenario
Bulk Lorentz factor Γp 1.4
Relative Lorentz factor Γrel 4.2
Photosphere radius (rg) rph 2
A relativistic plasma in Wein equilibrium state
Bulk Lorentz factor Γp 1.8
Relative Lorentz factor Γrel 3.1
Photosphere radius (rg) rph 3
Figure 1. Schematic representation of the dynamics of the pair plasma and
the dissipation region of TXS 0506+056. Physical distances and radii are
not to scale.
This paper has been typeset from a TEX/LATEX file prepared by the author.
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Table 2. Values found in estimating the best-fit curve of the archival data points with our model.
Parameter Value
Fitting parameters
Bulk Lorentz factor Γp 19 ± 3
Dissipation region (cm) rd (3.3 ± 0.41) × 1016
Electron density (cm−3) Ne (2.2 ± 0.5) × 102
Magnetic field (G) B 0.16 ± 0.03
Low-energy electron spectral Index α1 2.47 ± 0.02
Medium-energy electron spectral Index α2 3.69 ± 0.14
High-energy electron spectral Index α3 4.50 ± 0.15
Derived parameter
Minimum electron Lorentz factora γe,min 800
Break 1 electron Lorentz factor γe,c1 (6.26 ± 0.71)) × 103
Break 2 electron Lorentz factor γe,c2 (4.75 ± 0.61) × 104
Maximum electron Lorentz factor γe,max (1.16 ± 0.12) × 108
Magnetic Luminosity (erg s−1) LB (3.73 ± 0.59) × 1043
Electron Luminosity (erg s−1) Le (1.91 ± 0.33) × 1046
a This value was not derive from our model, but rather used an input.
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Figure 2. We show The neutrino and gamma-ray spectra from a sub-
relativistic pair plasma scenario and a relativistic plasma in Wein equilib-
rium state. The sensitivities of eASTROGAM and AMEGO experiments
are taken from (de Angelis et al. 2018) and (McEnery et al. 2019), respec-
tively. These sensitivities are given in GeV cm−2 s−1. We take the IceCube
data points from (IceCube Collaboration et al. 2017).
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Figure 3. TXS 0506+056 light curves are shown between 2008 August 22
to 2017 December 12, obtained with multiple orbiting satellites and ground-
based observatories. We present from top to bottom: VHE, MeV - GeV γ-
ray, X-ray, optical, and radio wavelengths. The red dashed line shows the
IceCube-170922A event, and the shadow area corresponds to the period as-
sociated with the “neutrino flare". We show a blow-up of the flaring activity
around the IceCube-170922A event in each electromagnetic band.
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Figure 4. We present the broadband SED of TXS 0506+056 with the model
curves for lepto-hadronic models introduced in this work and (Gao et al.
2019). The archival data points shown in gray correspond to the data before
the flare in 2017, and the salmon data points correspond to the flare. The
triple-dotted-dashed black line corresponds to the best-fit curve proposed
by (Gao et al. 2019) and the solid black line to the lepto-hadronic used in
this work. The solid yellow line represents the observed seed photons. The
double-dotted-dashed green line and the dashed brown line correspond to
the neutrino spectra from the sub-relativistic pair plasma and the relativistic
plasma in Wein equilibrium state, respectively. The observed flux associ-
ated with the IceCube-170922A event (black data point) is shown for 7.5
(uncertainty in solid line) and 0.5 (uncertainty in dashed line) years. The
shadow region in blue corresponds to the range of energy and flux of the
neutrino flare reported by IceCube Collaboration (IceCube Collaboration
et al. 2018a).
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